The stability of a simply-supported tube subjected to annular flow in a finitelength narrow gap support is experimentally investigated. The exit boundary condition of the annular-leakage passage is known to be a possible cause of instability of the inner tube. In this study, therefore, several finite-length gap supports considering two diffuser angles were investigated on the effects of the annular gap and diffuser angle to the instability of the inner tube. Numerous experiments with the different supports have been performed in a transparent plexiglass tube so that a basic annular-flow can be provided for the inner tube and the movement of the tube can be measured by several laser vibrometers. It is observed that (1) the tube loses stability by flutter at very low flow velocity; the highest critical flow velocity is 3 m/s, (2) the critical flow velocity is strongly dependent on the annular gap size, the diffuser angle and the combination of both, and (3) generally the smaller the gap the lower the critical flow velocity.
Introduction
Several methods to predict the dynamic behavior of the rod subjected to an annular flow have been developed, These include the linearized potential flow theory based model by Mateescu and Paidoussis [1, 2] and Mateescu et al. [3] , and the pressure-loss models by Hobson [4] , Fujita et al. [5] and Langthjem et al. [6] . Recently, Kang et al. proposed a theory based on the pressure-loss model with consideration of flow friction [7] . They showed the critical flow velocity of a simply-supported cylinder could go down to dimensionless velocity of 2.4. The basic dynamics due to annular flow are known by virtue of these models.
Mulcahy reported that a cantilevered tube conveying water showed selfexcitation by leakage flow through a slip joint [8] . Interestingly, he found that a limit cycle is attained below the flow rate at which the tube hit the wall, and at high flow rate the unstable motion switched to predominately second-mode motion from first-mode.
Although the analytical models were developed, to solve industrial problems such as heat exchanger tube and control rod vibrations in gas and water cooled reactors, the practical conditions provided by the tube-support plate geometry should be considered. For heat exchanger tubes, the support causes highly confined annular flow with a divergent or convergent flow at the exit or the entrance of the support, which was due to chamfering of the support hole for manufacturing convenience..
Gorman et al. qualitatively reported that a finite-length diffuser caused the thimble tube in a pressurized water reactor to reach dynamic instability [9] . In the study, a diffuser nozzle, straight hole nozzle and split square nozzle which has four vertical radial grooves were utilized. He found that large vibrations occurred with the diffuser nozzle.
Yasuo and Paidoussis tried to solve the flow-induced instability problem of heat exchanger tubes subjected to axial flow in a diffuser-shaped, loose intermediate support [10] . In their study, a diffuser exit of the intermediate support and potential flow theory considered together with a one-mode approximation of the inner tube. They suggested critical flow velocity equations either for divergence and flutter. Application of this theory to practical problems was, however, limited because of the inaccurate prediction of the critical flow velocity for flutter.
The purpose of this study is to obtain experimentally the critical flow velocity of a cylinder subjected to annular flow in a finite-length narrow-gap support at the middle of the cylinder and to identify instability.
Experimental setup
The test section with associated instrumentations is schematically shown in Figure 1 .
Experiments were conducted in a 2.5m long test section in which the flow rate ranged up to flow velocity of 12 m/s. A 2.2 m long and 15.9 mm (0.627 inch) diameter inner tube was used with a finite-length narrow-gap support having a length of 38.7 mm (1.525 inch). The inner tube was supported by four pins at one end, therefore, a total of eight contact points for both ends to simulate pinned-pinned boundary conditions. The gaps between the inner tube and supports were 0.29 mm, 0.42 mm, 0.67 mm, 2.2 mm, and the annular gap between the inner tube and outer plexiglass tube is 5.15 mm. Diffuser angles of 10 and 20 were provided at the downstream end of the support. All dimensions are summarized in Table 1 .
Fluid parameters and vibration characteristics of the inner cylinder are summarized in Table 2 .
Compressed air comes into the test loop through a pressure regulator connected to the building services air supply. The air meets a contraction at the entrance to the test section due to the tube support, enters the annulus provided by the lower glass tube, and then, flows into the much smaller annular channel provided by the replaceable support. The air flow is controlled by a valve at the end of the test loop, so that higher flow velocities can be obtained by opening the valve. As seen in Figure 1 , vibration amplitudes are measured with four laser sensors (reflex sensor, Wenglor Company), in two directions near the support, at mid-span and at the one-fourth position along the test section. The measurement signals were acquired and analyzed using an Oros data acquisition system.
Experimental results and discussion
The vibration amplitudes for different gaps and diffuser angles as functions of flow velocity are shown in Figure 2 . Table 3 . Figure 3 shows the measured rms vibration amplitude and damping factor as functions of the upstream flow velocity for the support having a 0.29 mm gap with a 20 diffuser angle. The vibration amplitude starts increasing rapidly from 0.2 m/s. At the same time, the damping ratio has decreased to nearly zero. Then, as the inner cylinder starts impacting the support, the amplitude decreases while the "effective" damping ratio increases. The damping ratio is estimated by curve While the vibration amplitude and the damping change, the natural frequency of the cylinder does not change at all before the onset of impacting, as shown in Figure 4 . The 12.5 Hz and 40.2 Hz components are, respectively, the first and the second natural frequencies. When the inner cylinder starts impacting, the first natural frequency increases to 14.5 Hz. Physically impacting increases the effective stiffness of the tube. The first and the second natural frequencies as a function of upstream flow velocity for the inside cylinder in the support with 0.29 mm gap and 20 diffuser angle. Figure 5 shows X-Y plots of the cylinder motion at the support elevation. As the amplitude increases, whirling motions are clearly observed, which is believed to be a limit cycle. It is well known that the limit cycle is the result of a dynamic instability. Once impacting starts, the limit cycle disappears. When the cylinder contacts the support, the cylinder seems to vibrate in a one-dimensional motion. This is a very typical vibration behavior for all the supports with increasing flow velocity.
The inner pinned-pinned cylinder loses its first mode stability at very low flow velocity for all support cases. The first instability is clearly observed in the first mode. The instability is believed to be a dynamic instability, not a static one. The reasons are: (1) The critical flow velocity is too low to overwhelm the stiffness of the steel cylinder by negative fluid stiffness if any, which are summarized in Table 3 and shown in Figure 2 . (2) The natural frequencies do not change before the inner cylinder starts impacting the support, which is shown in Figure 4 . (3) Limit cycles are clearly observed for all the supports near the critical flow velocities one of which is shown in Figure 5 , (4) At a certain flow velocity where the vibration amplitude increases rapidly, the damping ratio starts decreasing drastically, which is shown in Figure 3 .
Conclusions
The stability behavior of a pinned-pinned flexible rod subjected to narrow annular flow over a finite-length gap support has been experimentally studied. At significantly low air flow, flutter instability is observed for all supports; independently of the gap size and diffuser angle. With annular flow, the simply supported cylinder is known to lose stability by divergence at very high flow velocity beyond practical engineering applications. Interestingly, a small support plays a significant role to change the dynamic behavior of the pinned-pinned rod, decreasing the critical flow velocities down to engineering flow velocities. Generally speaking, the smaller gaps and the smaller diffuser angles lower the critical flow velocity for negative damping. On the other hand, for the largest gap (2.20 mm), the critical flow velocity of the larger diffuser angle (20 o ) is lower than that of the smaller diffuser angle (10 o ). Further studies to unveil the basic mechanism behind the instability shown by this study are highly recommended for the heat exchanger tube within the tube support plate.
